Considering a rule for the rationalization of maintenance of Light Water Reactor piping, reliable flaw evaluation criteria are essential for determining how a detected flaw will be detrimental to continuous plant operation. Ductile fracture is one of the dominant failure modes that must be considered for carbon steel piping and can be analyzed by elastic-plastic fracture mechanics. Some analytical efforts have provided various flaw evaluation criteria using load correction factors, such as the Z-factors in the JSME codes on fitness-for-service for nuclear power plants and the section XI of the ASME boiler and pressure vessel code. The present Z-factors were conventionally determined, taking conservativity and simplicity into account; however, the effect of internal pressure, which is an important factor under actual plant conditions, was not adequately considered. Recently, a J-estimation scheme, LBB.ENGC for the ductile fracture analysis of circumferentially through-wall-cracked pipes subjected to combined loading was developed for more accurate prediction under more realistic conditions. This method explicitly incorporates the contributions of both bending and tension due to internal pressure by means of a scheme that is compatible with an arbitrary combined-loading history. In this study, the effect of internal pressure on the flaw evaluation criteria was investigated using the new J-estimation scheme. The Z-factor obtained in this study was compared with the presently used Z-factors, and the predictability of the current flaw evaluation criteria was quantitatively evaluated in consideration of the internal pressure.
Introduction
As the number of aged nuclear power plants is increasing, the substantiation of reliability as well as the assessment of the possible extensions of plant life is becoming important in Japan. Thus, the importance of appropriate and rationalized management of the plant life has been widely recognized. The Japan Society of Mechanical Engineers (JSME) has established a code for nuclear power generation facilities (1) , which provides the rules on the fitness-for-service for operating nuclear power plants. The concept of flaw evaluation forms the basis of the fitness-for-service rules, in which the crack propagation from detected flaws up to the end of the plant life or the next inspection period is predicted to determine the necessity of repairing or replacing the components of concern. Focusing on the piping typical of component elements, the flaw evaluation addresses acceptance criteria to predict the load and mode at the final failure status by the use of elastic-plastic fracture analysis. Since piping is essentially used for the transportation of fluid, it is subjected to tensile load due to internal pressure under normal operating conditions. Considering seismic force as an external load, piping is additionally subjected to a bending load as a critical loading mode. Therefore, combined loading consisting of tension and bending is the basic loading condition to be considered for pipe failure. However, pipe fracture behavior under combined loading has not been adequately examined. The effect of combined loading is not addressed in the present flaw evaluation criteria, but is treated in a conventional manner. The authors recently developed a J-estimation scheme, LBB.ENGC, for the ductile fracture analysis of circumferentially through-wall-cracked pipes subjected to combined loading (2) - (4) . This method incorporates the contributions of both tension and bending using explicit expressions. The effectivity of the method was validated through a comparison with the results of large-scale fracture experiments on cracked pipes under a combined loading condition (4) .
In the present study, the effect of combined loading on the flaw evaluation criteria for a common carbon steel piping material was quantitatively investigated using LBB.ENGC. More accurate flaw evaluation criteria taking combined loading into account were derived, and the possible rationalization of maintenance by using new methods was investigated by a comparison with the flaw evaluation criteria in the presently used codes. Figure 1 shows the schematic of a cracked pipe of concern. R is the mean radius, t is the pipe thickness, and 2θ is the total crack angle.
Outline of Ductile Fracture Evaluation
The circumferentially through-wall-cracked pipe is subjected to bending moment M and tensile load T due to internal pressure, and these loadings are represented by bending stress σ b (= M/(πR 2 t)) and tensile stress σ t (= T/(2πRt)), respectively. The parameter s is defined as σ t normalized by the material flow stress σ f and is used for simplicity hereinafter.
The rotation φ, due to the crack may be written as the sum of its elastic and plastic components φ EL and φ PL :
φ EL is related to the strain energy using Castigliano's theorem, and is expressed as
intensity factors K b and K t for bending and tension, respectively, which are defined as functions of θ by
The solutions of K b and K t are obtained by Klecker et al. (5) as an example.
For the evaluation of φ EL , beam theory can be applied to a pipe of nonlinear elastic material on the basis of the deformation theory of plasticity. The relation between stress σ and strain ε is defined by the following power law:
Furthermore, assuming that the existence of a crack can be replaced with a pipe section with reduced thickness t e and that the pipe section can be used to simulate the reduction of the compliance due to the existence of the crack, the following evaluation equations are derived (4) : 
where Γ is the Gamma function. The J-integral, J, is also divided into its elastic and plastic components J EL and J PL .
EL PL
J EL is directly obtained from the stress intensity factor K I under a plane stress condition:
On the basis of the fact that J is equivalent to the release rate of potential energy for a nonlinear elastic material and the assumption that the plastic deformation is a function of only the net-section stress, J PL can be calculated by the following equations (2) :
The second term on the right side of Eq. (14) corresponds to the contribution of the crack growth to J PL and is 0 for a stationary crack. The third term on the right side of the equation corresponds to the contribution of the tensile load variation to J PL and is 0 under constant tensile loading. By integrating the load-rotation relation given by Eqs. (1), (2), and (7), the J-integral provided by Eqs. (12) to (14), and the J-resistance curve,
which is introduced as an additional criterion of ductile crack extension, then the loads, rotation, J-integral, and crack extension are uniquely related to each other, which means that the prediction of fracture behavior in consideration of both combined loading and crack extension can be achieved. Figure 2 shows a flowchart of pipe flaw evaluation. In the first step of evaluation, characterized flaws detected by nondestructive tests are compared with the allowable flaw sizes in the acceptance standards. If the characterized flaws are smaller than the allowable flaw sizes, they are acceptable for continued service. Otherwise, the flaws must be repaired or evaluated by the second step of evaluation. In this step, the extent of crack Otherwise the flaws must be removed or repaired.
Derivation of Pipe Flaw Evaluation Criteria

Basic Concept
In the above evaluation procedure, critical flaw sizes in the acceptance criteria must be determined in accordance with the expected failure mode under the specific conditions. When a pipe material exhibits a relatively high J-resistance, final failure is due by plastic collapse (6) . The failure load is then identical to the plastic collapse load, which can be predicted by limit load analysis based on the net-section collapse criterion. The net-section collapse load is obtained from the equilibrium condition of the admissible stress distribution on the cracked section. Thus, it can be easily evaluated once the lower limit of the flow stress is identified. In contrast, the J-resistance is often lower than the driving force of crack growth for carbon steel piping, and the failure occurs after a certain amount of stable crack growth. In such a case, the failure load is evaluated by elastic-plastic fracture analysis using the J-estimation scheme.
Significance of Z-factor and Consideration of Combined Loading
In the present flaw evaluation criteria, the Z-factor (Z) is used to determine the critical flaw sizes for ductile fracture. Z is defined as the ratio of the net-section collapse load to the failure load. It is equal to unity for plastic collapse and larger than unity for ductile fracture. Z indicates the degree of the reduction of the load-carrying capacity from the net-section collapse load. If Z is previously identified, the failure load for ductile fracture can be easily evaluated as the net-section collapse load divided by Z. Alternatively, a critical crack size for a certain load under the plastic collapse condition can be directly converted into the same critical crack size for the load multiplied by Z under the ductile fracture condition.
The concept of the Z-factor was first introduced in the Section XI of the ASME Boiler and Pressure Vessel Code (7) . Z was formulated as a function of the nominal diameter OD (in inches) and the radius-to-thickness ratio R/t (6) (8) . The Z-factor in the ASME Code, Z ASME , for a ferritic steel base metal pipe is ( ) 
The above equations are applicable when OD is between 4 and 37 inches. Another Z-factor is given in the JSME Code (1) taking the properties of materials used in Japan into account. The Z-factor in the JSME Code, Z JSME , for a ferritic steel base metal pipe is 10 0.2885log 0.9573.
The above equations are applicable when 6 inches ≤ OD ≤ 30 inches. The applicable range of R/t is not obvious; however, it is approximately between 4 and 9. Note that both Eqs. (20) and (22) consider pure bending load only, and the effect of combined loading is not considered. It is expected that a new Z-factor taking the effect of combined loading into account can be derived using LBB.ENGC. The Z-factor under combined loading Z C is defined as 
Analysis of Z-factor
Conditions of Analysis
LBB
.ENGC was applied to analyze the Z-factor under combined loading, Z C . The material properties used for the analysis were determined on the basis of the Japanese carbon steel pipe database (9) (10) . The stress-strain relation for STS480 carbon steel at 300°C, and the J-R curve for STS410 carbon steel at 300°C were selected to give the most conservative values of Z C . Table 1 shows the material properties used for the analysis.
θ 0 , OD, the nominal thickness (or the radius-to-thickness ratio R/t), and the normalized membrane stress P m /S m (where P m is the membrane stress due to internal pressure and S m is the design stress intensity) were considered as the parameters affecting Z C . The range of θ 0 was 5 to 90°, and the range of OD was 2.5 to 30 inches. The nominal thickness is fixed to Sch 80 but is sometimes increased to Sch 160. P m /S m was set to 0 (no internal pressure), 0.34 (maximum value obtained from actual plant surveys (9)(10) ), and 0.5 (maximum allowable value under normal operating conditions). A finer subdivision was also applied as necessary to observe the effect of P m /S m on Z C .
Results of Analysis
Figures 3(a) and (b) show typical predicted relations between moment and rotation for 6-and 26-inch-diameter pipes, respectively. These relations have a similar configuration, and the maximum moment decreases with increasing P m /S m .
Figures 4(a) to (c) show the effect of OD on Z C for the three values of P m /S m . As defined in Eq. (23), Z C is effective only in the case of Z C > 1; however, the ratio of the net-section collapse moment to the predicted maximum moment obtained from LBB.ENGC is regarded here as the conventional Z-factor. θ 0 was fixed at 15, 30, ···, 90° and OD was Table 1 Material properties used for analysis because these values result in plastic collapse due to pure tension. The nominal thickness was Sch 80. These figures show that a larger OD generally gives a larger Z C regardless of the value of P m /S m or θ 0 . The dependence of OD on Z C seems to be more significant when θ 0 is larger. OD, as well as P m /S m and θ 0 , determines whether or not Z C is larger than unity.
The change in the slope at a diameter of 30-inches is caused by the larger value of R/t for this diameter. In previous studies (9) (10) , an increase in P m /S m due to internal pressure was shown to slightly reduce the load-correction factor. This is because the R6 procedure option 2 (11) was applied to conveniently identify the Z-factor under combined loading, although the accuracy of evaluation using this method has not been adequately confirmed. Therefore, the R6 procedure may give a too conservative prediction under a combined loading condition.
Formulation of Z-Factor
On the basis of the results of the analysis, an approximate expression for Z C under combined loading was formulated. Z C can be generally expressed as a function of OD, θ 0 , R/t, and P m /S m :
However, it would not be appropriate to consider all the parameters in Eq. (25) from the viewpoint of codification. In this study, the contributions of the parameters to Z C are addressed as follows. The dominant parameter affecting Z C is assumed to be OD. Since the effect of θ 0 is difficult to incorporate in the expression in a consistent manner, Z C is conservatively replaced with its maximum value for arbitrary values of θ 0 . The effects of both R/t and P m /S m seem to be independent of other factors according to Figs. 6 and 7, respectively. Consequently, Eq. (25) can be rewritten as
In the above equation, functions f 1 and f 2 were obtained by the linear approximations by the least-squares method using the result of the analysis, and function f 3 was determined by assuring a linear relation of Z C with log 10 (OD) excluding the contributions of both P m /S m and R/t. Thus, the formula used to evaluate Z C under combined loading is given by the following equation:
[ ] 10 1.00 0.226 0.826 0.0189 0.977 0.0707 log .
Again note that Z C should be unity in the case of Z C < 1. The applicable range of this equation is limited to the range of the parameters in the analysis, that is, 2.5 to 30 inches for OD, Sch 80 to 160 for nominal thickness, θ 0 ≤ 60°, and P m /S m ≤ 0.5. 
Comparison with Present Z-Factors
The proposed formula for Z C under combined loading in Eq. (27) was compared with the present Z-factors, Z ASME in Eq. (20) and Z JSME in Eq. (22), as shown in Figs. 9(a) and (b) . Results for Z C < 1 are also plotted. When R/t = 5 and 10, the values of Z C are always less than the other Z-factors independently of OD or P m /S m . Since the material properties used to develop Z JSME and Z C are essentially the same, the difference between Z JSME and Z C when P m /S m = 0 results from the accuracy and conservativity of the evaluation methods. In other words, the R6 procedure option 2 (11) used to develop Z JSME gives conservative predictions of failure loads, while LBB.ENGC, used to develop Z C , may predict more accurate failure loads. As a result, it was ascertained that the presently used Z-factors, which do not take combined loading into consideration, were still conservative under a combined loading condition, and the new Z-factor under combined loading promises more reliable flaw evaluation. 
Conclusions
In this study, a Z-factor for carbon steel pipes taking combined loading into account was investigated. The J-estimation scheme, LBB.ENGC, developed to evaluate the ductile fracture behavior of circumferentially through-wall-cracked pipes subjected to combined loading, was used to analyze the Z-factor. The effect of internal pressure as well as other factors on the Z-factor was quantitatively examined. It was found that the Z-factor was generally larger for a larger diameter, larger crack angle, smaller thickness, and lower pressure. A formula to evaluate the Z-factor under combined loading was developed on the basis of the results of the analysis, and was compared with the present Z-factors. As a result, it was ascertained that the presently used Z-factors, which do not take combined loading into consideration, were still conservative under a combined loading condition.
